In the present study, a novel atmospheric river (AR) detection scheme based on column-integrated water vapor and column-integrated water vapor flux is presented and applied for the Iberian Atlantic Margin (IAM) and a wider area covering the North Atlantic Ocean for the period 1979-2013. The seasonal cycle in AR frequency over the North Atlantic exhibits a relatively small amplitude, being more pronounced toward the east and south of the oceanic basin, as it is increasingly related to the seasonal cycle in storm activity and the meridional displacement of the subtropical high. In the eastern North Atlantic, downwind of the North American continent, it shows a more complex behavior. The interannual variability of AR frequency is weak across the entire North Atlantic, and it does not present consistent long-term spatiotemporal patterns. For the southern IAM, AR occurrence is slightly enhanced by the negative phase of the North Atlantic Oscillation during the previous days. Up to 80% of the anomalous precipitation events (above the 95th percentile) in the IAM are associated with ARs; these values exceed 90% in winter and decrease to 75% in spring when convection not related to ARs becomes a significant precipitation mechanism. Moisture advection within ARs is thus a very important contributor to anomalous precipitation. Likewise, the strength of the associated storm systems and the characteristics of the ARs themselves are also very relevant factors. The percentage of total ARs linked to anomalous precipitation is relatively low, only reaching 20% where topographic features are favorable.
Introduction
Atmospheric rivers (ARs) are narrow and elongated structures of high moisture content and strong horizontal transport [Newell et al., 1992; Zhu and Newell, 1998; Ralph et al., 2004] . They are commonly defined as areas exceeding specific thresholds of (1) vertically integrated water vapor amount (IWV) [e.g., Ralph et al., 2004; Neiman et al., 2008b; Ralph and Dettinger, 2011] or (2) vertically integrated water vapor transport (IVT) [e.g., Lavers et al., 2012; Ramos et al., 2015] along thousands of kilometers. ARs often appear in IWV imagery as plumes of moisture protruding from the tropical belt, where the humidity content of the air is high, to the drier midlatitudes and beyond. A single AR structure typically transports a water amount comparable to the discharge of the world's largest rivers [Newell et al., 1992; Zhu and Newell, 1998 ]; thus, ARs account for a large fraction of the poleward integrated water vapor transport and are considered a primary feature of the global water cycle.
The relationship between ARs and extratropical cyclones (hereafter cyclones for the sake of simplicity) is twofold. On the one hand, cyclonic activity drives AR activity. From this perspective, a single cyclone can interact with a moisture plume from the tropics and its corresponding warm conveyor belt can be interpreted as an AR. Alternatively, the combined moisture advection ahead of successive cold fronts associated with a train of cyclones may form an elongated feature in IVT that could be considered an AR as well [Sodemann and Stohl, 2013] . On the other hand, AR activity is a driver of cyclone activity in the sense that the warm conveyor belts (WCBs) of cyclones can feed on the moisture provided by ARs, either simultaneous or previously occurring [Sodemann and Stohl, 2013] . In this context, ARs have been documented to play a key role in the formation and trajectory of rapidly deepening cyclones [Zhu and Newell, 1994] .
On the local to regional scale, ARs are important water suppliers and have been identified as potential precursors of extreme precipitation, flooding, and landslide events, especially if the topographic features are favorable, e.g., mountain ranges near the coast that may force the advected moisture to rise (orographic uplift). Whereas these relationships have been extensively documented for the Northeastern Pacific Ocean and U.S. West Coast region [e.g., Higgins et al., 2000; Ralph et al., 2005; Bao et al., 2006; Ralph et al., 2006; Neiman et al., 2008a Neiman et al., , 2008b Leung and Qian, 2009; Dettinger, 2011; Dettinger et al., 2011; Warner et al., 2012; Rutz et al., 2013; Kim et al., 2013; Ralph et al., 2013; Warner et al., 2014] , only a few studies are available in Europe.
For the western European seaboard, found that up to 8 of the 10 largest annual maximum daily precipitation events were preceded by an AR. Stohl et al. [2008] and Sodemann and Stohl [2013] found that the ARs carried by the WCBs of former hurricanes led to hydrological extreme events in southwestern Norway. With regard to the influence of the leading modes of low-frequency variability on AR arrivals in Europe, showed that the positive phase of the North Atlantic Oscillation (NAO) favors AR arrivals into the north of the continent, whereas negative NAO conditions lead ARs to the south. On the regional scale, Lavers et al. [2011] found AR arrivals in Great Britain to be inversely related to the Scandinavian mode. Ramos et al. [2015] assessed the relationship between ARs and extreme precipitation events for six major river basins on the Iberian Peninsula. Focusing on the extended winter season (October-March), the relationship between ARs and extreme precipitation is strongest for the western basins located near the Atlantic coast [e.g., Serreze et al., 1997; Ulbrich et al., 2009, and references therein] . Ramos et al. [2015] also demonstrated that the AR frequency over this region is significantly correlated with the East Atlantic and Polar/Eurasia modes, whereas the statistical relationship to the NAO was found to be spurious.
Many aspects of the synoptic conditions affecting the Atlantic Margin of the Iberian Peninsula (hereafter "Iberian Atlantic Margin," IAM, see Figure 1 ) are similar to those of the U.S. Pacific Coast, given the similar latitude and position west of the continent. With elevations above 500 m in the direct vicinity of the coast and up to 2000 m in a few tens of kilometers inland, hydrological extreme events are enhanced by orographic uplift. The subtropical North Atlantic Ocean, particularly a narrow band ranging from the Gulf of Mexico to the Iberian Peninsula labeled as the North Atlantic Corridor, is known to be the most important moisture source for precipitation in all seasons, and the main transport of this moisture is likely due to ARs [Gimeno et al., 2010a [Gimeno et al., , 2010b . Examples of intense ARs reaching the IAM in different seasons and the anomalous precipitation associated with these events are shown in Figure 2 .
The interannual variability of precipitation on the Iberian Peninsula is well known to be associated with the NAO [e.g., Rodríguez-Puebla et al., 2001; Trigo et al., 2004; García et al., 2005] . This link is particularly pronounced for the winter half year and the southern Atlantic Margin [Martín-Vide and Fernández-Belmonte, 2001 ].
The present study focuses on ARs in the North Atlantic basin and particularly assesses the relationship between AR arrivals and anomalous precipitation events over the IAM. To this aim, a novel AR detection and tracking algorithm based on the combination of both IWV and IVT is applied over the North Atlantic Ocean and the IAM. Using this algorithm, the relationship between AR frequency and the NAO is assessed. Then, we discuss the association between AR arrivals and anomalous precipitation events (hereafter APEs) over the IAM. In contrast to earlier studies focusing on the winter half year only, our analyses also cover the summer months for which AR detection is generally more challenging due to reduced pressure gradients and cyclone activity together with significantly higher water vapor contents in the lower atmosphere. The structure of the paper is as follows. Section 2 describes the applied data and methods, section 3 provides the results, and the discussion and concluding remarks are in section 4.
Data and Methods

Anomalous Precipitation Events
To define anomalous precipitation events over the IAM, we use the gridded precipitation data set Iberia02, providing daily precipitation amount over the entire Iberian Peninsula at a horizontal resolution of Iberia02 is a combination of the data sets Spain02 [Herrera et al., 2012] and Portugal02 [Belo-Pereira et al., 2011] , both including their respective national weather service's dense network of observations. The quality controlled station time series (about 3100) are interpolated using ordinary kriging to the 0.2 ∘ grid, and the result is arguably the best precipitation analysis available for the Iberian Peninsula. The underlying observational data set is much denser than the alternative Europe-wide data set E-OBS [Haylock et al., 2008] , leading to a more accurate representation of APEs [Herrera et al., 2012] . The time window 1979-2007 coinciding with ERA-Interim data coverage is used for the analysis.
For each grid box of Iberia02, an APE is defined as a daily precipitation amount exceeding the 95th percentile threshold of the wet day time series (precipitation ≥ 1 mm). The 95th percentile threshold is calculated separately for each month from October to May. For the summer months (June-July-AugustSeptember (JJAS)) we conducted a separate analysis that encompassed the whole period. Precipitation over the IAM is scarce in the summer season, particularly toward the south, and therefore, monthly based analyses do not yield statistically sound results due to the lack of cases. Figure 3 shows the respective December and summer values of this 95th percentile precipitation threshold over the IAM.
Atmospheric Rivers
In earlier studies on AR arrivals along the North American West Coast, ARs were defined as areas exceeding a wind velocity of 12.5 m ⋅ s −1 in the lowest 2 km and IWV of 2 cm [Ralph et al., 2004; Ralph and Dettinger, 2011] .
Later on, this idea has been adopted by many studies, which also characterize ARs in terms of IVT and IWV. Notwithstanding, the use of a sole variable, namely, IVT, is common in AR detection algorithms [e.g., Lavers et al., 2012] . In the present study, an alternative approach based on both IWV and IVT is used. This point will be further discussed at the end of this section. To detect and track AR structures, 6-hourly instantaneous data from the ECMWF ERA-Interim reanalysis [Dee et al., 2011] at full resolution (0.7 ∘ × 0.7 ∘ ) are used over the 1979-2013 (35 years) period. The applied variables are IWV (see equation (1)) and IVT (see equation (2)), the latter obtained from the vertical integrals of zonal and meridional water vapor flux ( and , see equation (3)).
where represents a generalized vertical hybrid coordinate, q is the specific humidity, g is the gravitational force, and u (v) is the zonal (meridional) wind velocity (see details in ERA Report 1 v2 of Berrisford et al. [2009] ).
For each grid box and month of the year, the 85th percentiles for IWV and IVT are taken as threshold values above which atmospheric moisture content and flow are assumed to be anomalously high (see Figure 4 for the corresponding December and July values), which is similar to the percentile threshold (86.1th) used in previous studies [Neiman et al., 2008a; Lavers et al., 2012] .
To detect an AR landfall over the IAM, a meridional transect at 9 ∘ 30'W extending from 35.5 ∘ N to 45.3 ∘ N is considered. For each time step, the grid box of maximum IWV along this transect is identified. If this value exceeds the 85th percentile set for this point and month and, additionally, if the IVT value at this or one of the neighboring grid boxes (to the north, northwest, west, southwest, and south) exceeds the 85th percentile threshold, then we proceed to track the AR structure. In case the above mentioned conditions for AR tracking are met, the algorithm moves to the grid box of maximum IWV (to the north, northwest, west, southwest, and south) and the procedure is repeated. The control transect is often somewhere in the middle of the AR structure; thus, after completing the tracking in one direction, the same calculations are repeated in the opposite direction from the starting point in the transect. The length of the AR is calculated as the sum of the distances between the grid points along the tracked path.
Finally, if the detected structure has an extent of at least 2000 km [Ralph et al., 2004] , it is retained as an AR event at the IAM. In addition to the IAM as a whole, the algorithm is also applied separately for the northern and southern IAMs (to the north/south of 40 ∘ N). We use both IWV and IVT for AR detection because tracking errors can occur if only one of these variables is considered. First, strong winds can be the reason for substantial IVT, while the corresponding IWV values are relatively small and disorganized along an elongated structure, justifying the detection of an AR. This is exemplified in Figure 6 for the synoptic situation on 13 April 2000 20:00 (UTC). At this point in time, the spatial pattern of IWV values to the west of the Iberian Peninsula is approximately homogeneous (Figure 6a ); e.g., a clearly defined elongated structure is missing in this case (see color shading). Likewise, the spatial pattern of IVT values (indicated by white vectors) does not justify the presence of an AR. However, since the IVT values exceed the 85th percentile (points where this condition is met are highlighted in Figure 6c ), an AR would have been detected erroneously if the tracking algorithm had operated only on this variable (Figure 6d ). When the algorithm operates on both IVT and IWV, the points considered are only those with anomalies above the 85th percentile for both variables simultaneously (Figure 6b ). Since the IWV values are below the 85th percentile threshold, no AR is detected, which is in agreement with the visual impression one would have. For the extended winter season, about 20-25% of the events detected by the algorithm operating on IVT or IWV alone correspond to erroneous or dubious cases like the example shown in Figure 6 . These false positives are avoided with the two-variable algorithm.
On the other hand, the disadvantage of solely working with IWV is more evident in summer, when temperatures and atmospheric moisture are higher than those in winter [Neiman et al., 2008a; Warner et al., 2012] . As exemplified in Figure 2b , it is evident that ARs do exist during the summer season. However, extratropical cyclones and their associated fronts and warm conveyor belts are generally weaker than during the winter season, leading to ARs with less pronounced convergence and horizontal gradients in moisture content. ARs in summer are in general wider and with boundaries not as sharp as in winter, hence more difficult to detect. The use of both IWV and IVT improves the effectiveness of the tracking algorithm significantly in summer, by discarding as much as one half of the events that otherwise would have been erroneously identified as ARs had detection relied on solely one variable. We note that in our detection algorithm, thresholds are based on the monthly climatology of the considered variable and hence vary in time as well as in space. This differs from most algorithms in the literature, which in general use one fixed threshold value for the entire period of analysis, varying from region to region at most. A sufficiently high value for the threshold filters out a large number of false positives, yet some real cases as well. The main problem of the fixed threshold strategy is that it is not equally accurate throughout the year, since the seasonal cycle in IWV or IVT can be quite large, as shown in Figure 4 . Using a time-dependent threshold solves this issue, as it correctly identifies peaks in IWV or IVT at any moment; nevertheless, it still yields a substantial number of false identifications if the algorithm is based on one variable only. With the simultaneous use of both variables, the condition is much more restrictive, and the method works significantly better. This is especially true in the warmer months, when, as discussed above, detection is more challenging.
Apart from analyzing AR arrivals on the IAM, we additionally apply our algorithm over the entire North Atlantic basin. To examine in more detail whether the frequency of existence of ARs is uniform or it exhibits any discernible spatiotemporal pattern, possibly related to different modes of atmospheric variability, we subdivide the oceanic basin into the four subsectors displayed in Figure 8 . For this purpose, the starting meridians are placed with an interval of 5 ∘ longitude. 
North Atlantic Oscillation Index
To assess the statistical relationship between AR arrivals at the IAM and the North Atlantic Oscillation, the daily North Atlantic Oscillation Index provided by the Climate Prediction Center (http://www.cpc.ncep.noaa.gov/) is applied. This index is based on rotated principal component analysis applied to geopotential height fields and is described with detail in Barnston and Livezey [1987] . For each AR detection at the IAM, the 11 daily NAO index values between d − 5 and d + 5, with d being the day of occurrence, are retained and the mean NAO value conditioned on AR occurrence is calculated for each of the 11 points in time. After visually checking that the data approximately follow the normal distribution, it is assumed that 68% of the values lie within an interval of NAO ± 1 ⋅ , where is the conditional standard deviation. A two-sample t test is applied to test if the NAO mean value conditioned on AR occurrence over the IAM significantly differs from the unconditional mean ( = 0.05). Since the daily NAO values are serially correlated, the test is conducted considering the effective sample size (n eff , see equation (4)) instead of the nominal sample size (n), where is the lag 1 autocorrelation coefficient. These statistics are calculated separately for every season as well as for the northern and southern IAMs.
Coincidence Ratios
To evaluate the coincidence of ARs and APEs, the following two ratios are applied: APE|AR, days of APE coinciding with an AR to the total number of days of APE, and AR|APE, the number of AR detections coinciding with an APE to the total number of AR detections. Both ratios are obtained for every grid box of the Iberia02 data set.
Since APEs are known to follow on ARs with a time lag of up to several hours [Sodemann and Stohl, 2013] , the problem of distinct time aggregations (6-hourly instantaneous values for ARs and daily accumulated values for APEs) is resolved as follows. For the APE|AR ratio, a coincidence is recorded if, for the given APE, an AR detection occurs on the same or the previous day (d − 1 and d); whereas for the AR|APE ratio, a coincidence between the AR and the APE is registered if the APE occurs on the same or the following day (d and d + 1).
In summer, rainfall is much scarcer than the rest of the year, especially for the southernmost part of the IAM, and to obtain a reasonable sample size of precipitation events to define APEs, we analyzed the whole season as a single period. For this reason, both coincidence ratios are also calculated for the conjunction of June-July-August-September (JJAS) instead of doing so separately for each month. Figure 9 shows the seasonal cycle (i.e., intra-annual variability) of AR occurrence over the IAM and the four North Atlantic subsectors displayed in Figure 8 . The climatological mean monthly occurrence counts have been computed over the period 1979-2013, and the standard deviation of the corresponding 12 monthly values has been calculated to provide a scalar measure for the strength of the seasonal cycle. For sectors R1 and R2, and also the IAM, all on the eastern side of the oceanic basin, AR activity reaches its minimum in early summer and its maximum in winter. The seasonal cycle is more pronounced toward the south, in R2, and the IAM rather than in the northern R1 quadrant. For these regions, there is a direct relationship between the intra-annual variations in AR frequency and the seasonal cycle of storm activity in the North Atlantic and the meridional displacement of the subtropical high and storm track. In contrast, sectors R3 and R4 on the western side do not present such a clear pattern of seasonality in AR occurrence, and the link between storm activity and AR occurrences is not so apparent. One possible reason for the existence of more ARs in spring and summer in western regions is that the direct flow of moisture from the tropics is not impeded by the anticyclonic circulation of the Azores High, as it is in the eastern North Atlantic. Another explanation for the difference with sectors R1 and R2 on the east side is related to the fact that the western quadrants (R3 and R4) generally lie downwind of the North American continent, with R3 even covering a large area of land. The annual cycle of evapotranspiration (ET) over land peaks in spring and summer and has a very pronounced minimum in winter, whereas over the North Atlantic the inverse occurs, particularly over the Gulf Stream on the western part of the basin. It is not clear whether the main moisture source for ARs is local evaporation or long distance transport from the tropics; nevertheless, it is plausible that the seasonal variations in local ET moisture availability along the storm track over North America contribute to reduce AR numbers in winter and enhance them in spring and summer in these sectors R3 and R4 immediately downwind. Indeed, the North American continent becomes a water vapor exporter in the warm season [van der Ent et al., 2010] . The figure also demonstrates that AR occurrence is systematically lower over the IAM rather than over the North Atlantic quadrants, which is due to the much smaller zonal extent of the IAM. Figure 10 shows the interannual variability of AR occurrence in the above mentioned regions. The coefficient of variation
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is <10% in all cases indicating that this kind of variability is comparatively weak. The r Pearson correlation values between regions are small, except between the IAM and the southeastern North Atlantic quadrant (R2), from which it is the easternmost boundary. Correlations in AR activity are thus not consistently observed for any pair of sectors in the North Atlantic during the entire 35 year period. Nevertheless, significant correlations exist on a decadal basis, like in the 1990s among R1, R2, and R4. It is possible that the diminished frequency of blocking patterns associated with the exceptionally highly positive phase of the NAO observed in this period [Barriopedro et al., 2006] might have uniformized the frequency of storm activity and the incidence of ARs across the entire North Atlantic basin. Figure 11 displays the conditional mean (NAO) and standard deviation ( ) of the NAO index as described in section 2.3. Markers are filled in case the conditional mean value of the NAO significantly differs from the unconditional value (the latter is displayed by a blue asterisk). The mean value of the NAO conditioned to AR detection is significantly different from the mean value of the NAO for all seasons in the southern IAM and in June-July-August (JJA) and September-October-November (SON) in the Northern IAM. For these periods, most of AR detections occur simultaneously with negative NAO conditions. This relationship between AR detections and the negative NAO phases is stronger over the southern IAM. The largest negative values in the southern IAM are obtained a few days prior to the detection of an AR in December-January-February (DJF, 3 days) and in March-April-May (MAM, 2 days), and on the day of the detection in JJA and SON. The largest significant negative values in the Northern IAM are obtained 3 days prior to the detection in SON and on the day of detection for JJA. With positive NAO anomalies, the Azores mean subtropical high pressure is strong, displacing the storm track northward and blocking the advection of ARs into the Iberian Peninsula. This is especially true for the southern Iberian margin. Negative NAO anomalies, on the contrary, translate into weaker meridional pressure gradients, a more meandering westerly circulation, and storms more often directed toward the Iberian Peninsula. With negative NAO anomalies, particularly on the preceding days, AR arrivals into the southern IAM with a southwesterly component are unobstructed. Notwithstanding, we note that error bars in Figure 11 are quite large; hence, the relation between AR incidence and NAO phase is relatively weak, even for the southern IAM. If the entire IAM is considered as a whole and only for winter cases, this relation is practically nonexistent, a result that is in agreement with Ramos et al. [2015] .
Coincidence Ratios
For each grid box of Iberia02, Figure 12 displays the ratio of APEs accompanied by an AR to the total number of APEs (hereafter "APE|AR coincidence ratio") for the case of instantaneous detections. As described in section 2.4, this ratio was calculated separately for each month except for the summer months, in which case the joint JJAS time series was used for calculations.
A noticeable seasonal cycle is found for the APE|AR coincidence ratio, with the highest values in excess of 90% in winter (DJFM) and below 75% in spring (April and May, AM) when the lowest values are yielded. Intermediate values are obtained during October and November and the summer months (JJAS). This seasonality can be explained by the variability in precipitation mechanisms and large-scale moisture availability throughout the course of the year [Neiman et al., 2008a; Warner et al., 2012] . In association with the North Atlantic storm track, winter precipitation in western Iberia is generally of frontal nature and interaction with topography largely determines its spatial distribution. Frontal passages are more frequent toward the north, where orographic uplift in the mountains of northern Portugal and the hills on the Atlantic coast of Galicia results in some of the highest annual precipitation totals in Europe. During the winter season, storms are in general intense, as compared to the rest of the year, but the moisture content in the atmosphere is relatively low at midlatitudes; therefore, although strong ascent along the front has an important contribution, the key factor for the development of APEs is less related to the synoptic forcing or the intensity of particular storm systems linked to these events, and more so to the water vapor amount available for precipitation. Dynamics are important, but since in winter many storms are strong enough to produce significant precipitation, it is the moisture content in them that makes the difference. For this reason, APEs are clearly favored by the large moisture amount transported by ARs, hence the high correlation between APEs and ARs for the winter months. Similar behavior over the Pacific coast of the U.S. has been found by Neiman et al. [2008a] and Warner et al. [2012] . During October and November, the synoptic setting is similar to that of the winter season and so are precipitation totals. However, due to warmer temperatures, the large-scale moisture availability is higher, and APEs can result from strong synoptic forcing from baroclinic systems not associated with ARs; thus, the APE|AR ratios in fall are somewhat lower than those in winter over the IAM.
In spring (AM), the same reasoning applies for frontal precipitation, but the reduced APE|AR ratios, particularly in the more continental regions of the IAM, are likely related to the increased role of free convection as precipitation mechanism. In Galicia and Portugal, as well as over a large part of the Iberian Peninsula, convective precipitation is most important in late spring [Ramos et al., 2011; Rios-Entenza and Miguez-Macho, 2014] . Convective storms occur ahead or behind of frontal passages, or are not related to fronts at all, and therefore produce APEs that are not linked to ARs. Indeed, APEs related to convection and not to ARs have been reported in postcold frontal environments over the West Coast of North America, a region similar in climate to the IAM [Warner et al., 2012] .
In summer (JJAS, see sixth panel in Figure 12 ), APE|AR ratios are generally higher than those in spring but smaller than those in fall, which can be attributed to the two following factors: first, convective precipitation in the IAM is generally less frequent in summer than in spring [Ramos et al., 2011; Rios-Entenza and Miguez-Macho, 2014] and second, the water vapor content in the atmosphere peaks in summer and active frontal systems can lead to APEs not associated with ARs. The latter is explained by the relatively modest amount of precipitation representing an APE in summer, given the significant reduction of rainfall events in this season, a feature associated with the Mediterranean climate prevalent in most of the IAM. We note that in any case, the fraction 10.1002/2015JD023379 of APEs associated with ARs is very large throughout the year, given that the minimum APE|AR coincidence ratio occurring in spring is still as high as 0.75. Figure 13 shows the percentage of AR detections associated with an APE (AR|APE). With values of 20% at the utmost, these ratios are much lower than the APE|AR ratios mentioned above, which is expected, since ARs are far more frequent than APEs. In general, the AR|APE ratio is highest in northwest Iberia, in the mountains of northern Portugal and in the hilly Atlantic coastlines of Galicia (elevations of 500-600 m), indented with fjord-like inlets that are aligned in the southwesterly direction of the mean IVT. In both regions, conditions for orographic precipitation enhancement are potentially very favorable. Moist neutral stability is commonly observed in ARs up to about 3 km, sufficiently above the height of the coastal mountains there, whereas most of the high moisture flux lies in lower levels; both factors lead to very effective orographic precipitation when a low-level jet associated with an AR impacts the coastal terrain [Ralph et al., 2004 [Ralph et al., , 2005 . The AR|APE ratio is particularly high in February, the coldest month, when the mean water vapor content of the atmosphere is lowest, and the difference ARs can make for the water supply available to precipitation is largest [Neiman et al., 2008a] . The lowest AR|APE ratios occur in summer when the synoptic forcing is less intense, and fronts are generally weak and affect the northernmost areas only. Under these conditions, even in the presence of an AR, precipitation is often restricted to coastal drizzle [Neiman et al., 2008a; Warner et al., 2012] , as in the case shown in Figure 2 . The variations in the AR|APE ratio throughout the year suggest that the characteristics of the particular storm system, the thermodynamical profile through the AR, and the way it interacts with topography are all very relevant aspects to determine whether an AR would be conducive to extreme precipitation and not just the high IWV and IVT associated with the AR.
Discussion and Conclusions
A novel algorithm based on IWV and IVT percentile thresholds calculated separately for each month has been proposed to detect and track AR structures over the North Atlantic and the IAM throughout the whole year, including the summer months for which this task is generally more challenging than for the winter months.
This algorithm reveals that the seasonal cycle of AR occurrence over the open ocean (including the IAM) is far less pronounced than one might expect, indicating that ARs are a common feature of the synoptic climatology even during the summer months [Neiman et al., 2008a] . The interannual variations of AR activity across the North Atlantic basin are also relatively small and they do not present consistent spatiotemporal patterns.
In qualitative agreement with earlier studies [Trigo et al., 2004; , we show that the negative phase of the NAO favors AR landfall over the IAM and that this relationship is more pronounced for the southern than for the northern IAM. We note, however, that the variability associated with the latter conclusions is substantial, and the results are only statistically significant throughout the year for the southern IAM. For the winter season in the northern IAM, the link between a negative NAO and an AR incidence is very weak or nonexistent.
Up to 80% of the daily anomalous precipitation events over the IAM are associated with the presence of an AR. The APE|AR coincidence ratio experiences a noticeable seasonal cycle, with the highest values during the winter months in excess of 0.9 and a sharp decrease in April and May when it reaches the minimum of about 0.75. This cannot be solely explained by monthly variations in AR frequency, since it is practically constant during the summer half year from April to September. During winter, the mean moisture content of the atmosphere is at its minimum; hence, the anomalously high moisture advection associated with an AR, and not the sole passage of the frontal system, however intense it may be, greatly increases the odds for the occurrence of an APE. During the summer months, the mean moisture content of the atmosphere is higher, which increases the probability for APEs being caused by strong frontal systems not associated with ARs, a reasoning that can also be somewhat applicable for late spring and early fall. Convective precipitation, another APE contributor not related to ARs, is a mechanism particularly important during April and May [Rios-Entenza and Miguez-Macho, 2014] , which would explain that the minimum coincidence ratios were found during these months. Regardless, the percentage of APEs related to ARs is very large throughout the year, given that the minimum APE|AR coincidence ratio occurring in spring is still as high as 0.75. These results indicate that ARs are a very important contributing factor to extreme precipitation in the IAM. This conclusion is in line with several studies carried out on several parts of the world [e.g., Higgins et al., 2000; Ralph et al., 2004 Ralph et al., , 2006 Ralph et al., , 2013 Stohl et al., 2008; Leung and Qian, 2009; Dettinger et al., 2011; Ralph and Dettinger, 2011; Lavers et al., 2011 Lavers et al., , 2012 Kim et al., 2013; Rutz et al., 2013; Ramos et al., 2015] .
In contrast with the high values of the APE|AR coincidence ratio, the AR|APE ratio, measuring the fraction of ARs linked to APEs, is relatively low, only locally rising up to 20% in northwest Iberia, where the topographic features are favorable for orographic enhancement. There is a substantial number of ARs that do not produce APEs, suggesting that the dynamic forcing in the particular system associated with the AR, and not just the high IWV and IVT in the AR, also plays a very relevant role. In summer, when synoptic forcing is weak, the AR|APE coincidence ratio has a pronounced minimum. Peak values occur in February, the coldest month, when the mean moisture content of the atmosphere is at its lowest, and the high IWV in ARs leads to near-saturated conditions that substantially increase the amount of precipitation that these systems produce [Neiman et al., 2008a] .
Finally, we would like to shortly comment that the occurrence of an AR may be conducive to an APE during the several days following the AR landfall, i.e., well beyond the time window considered in the present study (the day of the AR landfall and the day after). An example for this is given in Figure 14 . Figure 14a shows an AR approaching the Iberian Peninsula on 14 February 2000 (UTC). On 15 February, this AR arrives at the IAM but does not lead immediately to an APE (see Figure 14b) . One day after (16 February 2007) , the AR structure diminishes, leaving behind large IWV values to the north of the Iberian Peninsula (Figure 14c ). An independent cyclone forms over the Bay of Biscay where this high IWV area is located and eventually produces an APE along the northern (Cantabrian) coast of the Iberian Peninsula on 17 February 2000, i.e., 3 days after the AR arrival at the IAM (see Figure 14d) . These "indirect" APE|AR events will be the subject of future studies.
